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Site-speciﬁc protein cleavage is a ubiquitous process in cellular protein metabolism, yet molecular
tools to provide control of protein cleavage inside living cells remain scarce. Here, we show that the
C-terminal intein fragment of the non-canonical Ssp (Synechocystis sp. PCC6803) DnaB S1 split-intein
can be used as a site-speciﬁc protease for in vivo protein cleavage both in bacterial and eukaryotic
cells. Mutagenesis data indicate a broad tolerance of the intein-derived protease (IP) toward the
amino acid upstream of the cleavage site. Furthermore, deletion studies reveal that the recognition
sequence for the IP can be as short as ten amino acids. The structural features underlying the cleav-
age reaction preclude unintended proteolysis of endogenous proteins, thus ensuring that negative
effects on cell viability are minimal.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein processing in living cells by peptide bond cleavage is a
common mechanism for generating catalytically active enzymes
from inactive precursors, in signal transduction events involving
effectors such as NF-kB and caspases, in translocation of proteins
to various cellular compartments, and in the maturation of viral
proteins, among many others. Even though this multitude of pro-
tein cleavages exists in vivo, only a handful of polypeptide process-
ing enzymes have found their way into routine laboratory
procedures and largely for in vitro applications. Examples are pro-
teases like thrombin and Factor Xa, which are often used for the re-
moval of solubility and/or afﬁnity tags during puriﬁcation of
recombinant proteins, and the use of trypsin in mass spectrome-
try-based protein identiﬁcation protocols. While the mentioned
proteases work well in their individual in vitro settings, their use
for site-speciﬁc protein cleavage in vivo is likely precluded by their
relatively low substrate speciﬁcities. With thrombin and other en-
zymes used for protein cleavage at a single engineered site (e.g.,
between target protein and a puriﬁcation tag), undesired cleavagechemical Societies. Published by E
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(G. Volkmann).within the target protein is not uncommon and may occur at
unpredictable cryptic cleavage sites. Because the interior of a cell
is muchmore complex than such in vitro conditions, any undesired
cleavage events in endogenous proteins could be detrimental to
cell homeostasis and survival. To the best of our knowledge, only
the tobacco etch virus (TEV) protease has been used successfully
for site-speciﬁc protein cleavage inside living cells and organisms
without adverse effects on cell viability [1–6]. Given the potential
use of site-speciﬁc proteases to control protein function and stabil-
ity in vivo, there is still considerable interest in engineering novel
proteases or alter the substrate speciﬁcity of existing proteases [7].
Here we report on the development of a novel methodology for
site-speciﬁc protein cleavage in vivo. Our system is based on the
cleavage activity of the unconventional Ssp (Synechocystis sp.
PCC6803) DnaB S1 split-intein, which consists of an 11-aa N-intein
(IN) and a 144-aa C-intein (IC) fragment [8]. We recently showed
in vitro that the N-intein, when fused between two proteins, can
serve as a recognition sequence for the C-intein, which leads to
an N-terminal cleavage reaction that cleaves the peptide bond be-
fore the ﬁrst residue (Cys1) of the N-intein [9]. We now show by
co-expression studies that this N-terminal cleavage reaction can
also take place in the cytoplasm of Escherichia coli and yeast cells
without affecting cell viability. Furthermore, we performed muta-
genesis and deletion studies to monitor the effect of both the res-
idue upstream of the Cys1 residue and the length of the recognition
sequence on cleavage efﬁciency. Since the structural recognition
between the N-intein and the C-intein is believed to be highly spe-
ciﬁc, our intein-derived protease (IP) has great potential for site-
speciﬁc protein cleavage in vivo without undesired cleavage in
other cellular proteins.lsevier B.V. All rights reserved.
Fig. 1. N-cleavage mediated by an intein-derived protease (IP). A precursor protein
contains the 5/11-sequence, consisting of the 11-aa Ssp DnaB S1 N-intein (residues
CISGDSLISLA) and ﬁve native N-extein residues (LRESG), sandwiched between two
ﬂanking proteins, X and Y. Addition of the 144-aa Ssp DnaB S1 C-intein (IP) leads to
peptide bond cleavage between Gly-1 and Cys1 (N-cleavage).
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2.1. Plasmid construction
The ORF (open reading frame) containingmaltose binding protein
(M), the5/11 sequence and thioredoxinwas transferred fromplasmid
pMINT [9] into pAR3m using NdeI andHindIII, resulting in pAMINT-5/
11. The vector pAR3m contains an NdeI site upstream of the NcoI site
in the multiple cloning site, and was derived from pAR3 [10] by
inverse PCR (iPCR) using the oligonucleotides AR3-Nde-fw and AR3-
Nde-rv (see Supplementary material for a complete list of oligonu-
cleotide sequences), followed by blunt-end ligation.
The pAMINT-5/11 plasmid served as a template for iPCR-based
mutagenesis of the 1 residue using the universal primer uni-
(-1)-rv in combination with mut(-1)-fw primers. Successive dele-
tions of the N-extein residues in the 5/11 sequence were done
using iPCR with pAMINT-5/11 as template and the universal primer
uniDelNEx-fw in combination with the primers DelNEx(4/11)-rv to
DelNEx(0/11)-rv. Successive deletions of the N-intein in the 5/11
sequence also used pAMINT-5/11 as template, but with the univer-
sal primer uniDelNInt-fw in combination with primers DelNInt(5/
10)-rv to DelNInt(5/6)-rv.
Construction of the plasmids pTICH, encoding the C-intein se-
quence of the S1 split-intein (IP) with an Asn154Ala mutation
and a C-terminal hexahistidine tag (H), and pMINBGAL, expressing
the maltose binding protein-(5/11)-b-galactosidase fusion protein,
has been described elsewhere [9]. Mutation of the IP Ser+1 residue
to either Ala or Cys was performed with primer IP-fw in combina-
tion with primers IP(S+1A)-rv and IP(S+1C)-rv, and cloned via NdeI/
HindIII in either the pTICH or pAR3m plasmids.
For expression in yeast, the M-5/11-T ORF (without stop codon)
was PCR-ampliﬁed with primers M(5/11)T-fw and M(5/11)T-rv,
and cloned into the high-copy plasmid pESC-URA (Stratagene)
between EcoRI and NotI sites, which resulted in a C-terminal FLAG
epitope (F) appended to the precursor protein after expression.
The His-tagged IP(Ser+1) sequencewas PCR-ampliﬁedwith primers
IP(S+1)-fwand IP(S+1)His-rv, and cloned into the high-copyplasmid
pESC-TRP (Stratagene) or the low-copy derivative pRSFLAG-TRP
(M. Dobson, unpublished) between EcoRI and SacI restriction sites.
2.2. In vivo N-cleavage assays
For bacterial expression, plasmids were co-transformed into
E. coli BL21(DE3). Cells were grown in Luria–Bertani (LB) medium
containing ampicillin and chloramphenicol to an OD600 of 0.6,
and protein expression was induced with 0.8 mM IPTG (isopropyl-
b-D-thiogalactopyranosid) and 0.2% arabinose, unless stated other-
wise. Cells were agitated at room temperature for 18 h, harvested,
and lysed in reducing SDS sample buffer. Samples were boiled for
5 min prior to SDS–PAGE (sodium dodecyl sulfate–polyacrylamide
gel electrophoresis), and gels were stained with Coomassie Brilliant
Blue.Western blot analysis was carried out using antibodies against
maltose binding protein (anti-M, NewEngland Biolabs), thioredoxin
(anti-T, Sigma) or the hexahistidine tag (anti-H, Roche) in combina-
tion with the enhanced chemiluminescence detection kit (GE
Healthcare). For expression in yeast, plasmids were co-transformed
into the Saccharomyces cerevisiae strain WJA (Mata leu2-3 leu2-112
ura3-11 trp1-1 his3-11 his3-15 ADE2 can1-100). Cells were grown
in synthetic complete medium lacking uracil and tryptophan (SC-
ura-trp) supplemented with 2% galactose for 18 h at 28 C, at which
point cultureswere shifted to 23 C for an additional 24 h. Total pro-
tein, obtainedby trichloroacetic acid precipitation of lysed cells,was
solubilized in reducing SDS sample buffer containing 2 M urea, and
samples were warmed at 37 C prior to SDS–PAGE. Additional Wes-
tern blotting analysiswas carried out on yeast protein samples using
an antibody against the FLAG epitope (anti-F, Sigma).3. Results and discussion
We recently reported that the Ssp DnaB S1 split-intein could be
used to achieve site-speciﬁc protein cleavage in vitro [9]. In this
cleavage system, a 16-aa recognition sequence, comprising the
5-aa native N-extein and the 11-aa N-intein (hereafter referred to
as the ‘‘5/11 sequence’’), is embedded in a precursor fusion protein
consisting of proteins X and Y. Incubation of the precursor protein
with another protein containing the 144-aa C-intein (hereafter re-
ferred to as the intein protease, IP) results in cleavage of the pre-
cursor protein at the peptide bond preceding the ﬁrst residue of
the N-intein in the 5/11 sequence (Fig. 1). This in vitro N-cleavage
reaction required excess concentrations of both the IP and the
reducing agent dithiothreitol (DTT, up to 100 mM) to be highly efﬁ-
cient. The dependence of efﬁcient cleavage on an extreme reducing
environment made it questionable whether the reaction could take
place in living cells where much lower concentrations of reducing
agents exist. Furthermore, association of IP with the 5/11 sequence
in the complex molecular environment of a cell might be signiﬁ-
cantly hampered when compared to the in vitro studies performed
with puriﬁed proteins.
To investigate whether the N-cleavage reaction could occur
in vivo, we introduced two expression plasmids into the same
E. coli cell. The ﬁrst plasmid expressed the intein protease IP from
an IPTG-inducible promoter. The IP consisted of the 144-aa C-intein
(with an Asn-to-Ala mutation at the end of the C-intein to prevent
protein splicing) followed by a serine (the native Ser+1 residue),
two glycine residues and a hexahistidine tag. The other plasmid ex-
pressed a precursor protein (M-5/11-T protein) comprising (fromN-
to C-terminus) a maltose binding protein, the 5/11 sequence, and
thioredoxin, under control of an arabinose-inducible promoter.
Induction with IPTG or arabinose alone led to overexpression of
the IP or the full-length M-5/11-T protein, as expected (Fig. 2A). In
contrast, induction with both IPTG and arabinose resulted not only
in co-expression of IP and M-5/11-T, but also in the appearance of
two new protein species that corresponded to the anticipated
Fig. 2. In vivo IP-mediated N-cleavage. (A) Coomassie-stained SDS gel of total lysates from E. coli BL21(DE3) harbouring plasmids pAMINT-5/11 and pTICH. Cells were grown at
37 C to an OD595 of 0.6, at which point they were induced and shifted to room temperature with continued growth for 16 h. Induction conditions were as follows: no
induction (lane 1), 0.2% arabinose (lane 2), 0.4 mM IPTG (lane 3), 0.2% arabinose and 0.4 mM IPTG (lane 4), 0.2% arabinose and 0.4 mM IPTG (addition of IPTG 90 min after
induction with arabinose) (lane 5), and 0.4 mM IPTG and 0.2% arabinose (addition of arabinose 90 min after induction with IPTG) (lane 6). Relevant protein species are
indicated. Molecular weights of protein standards are given in kDa. (B) Total E. coli lysates from A were analyzed by Western blotting using the indicated antibodies. Relevant
protein species are highlighted. The asterisk marks the M-5/IP complex (branched intermediate). Molecular weights of protein standards are given in kDa. See A for lane
descriptions. (C) Western blot analysis from time-course of sequential expression. Cells harbouring pAMINT-5/11 and pTICH were left uninduced (UN) or were induced only
with 0.2% arabinose (+Ara). For the time-course, induction was ﬁrst carried out with 0.2% arabinose, after which cells were washed and induced with 0.4 mM IPTG. Samples
were taken at the indicated time points (in hours) and subjected to Western blotting with the indicated antibodies. Relevant protein species are highlighted. The asterisk
marks the M-5/IP complex (branched intermediate). Molecular weights of protein standards are given in kDa. (D) Co-expression experiments with plasmids pMINBGAL and
pAICH. Total cell lysates were subjected to SDS–PAGE followed by Coomassie-staining or Western blot analysis using the indicated antibodies. Induction conditions were as
follows: no induction (lane 1), 0.8 mM IPTG (lane 2), 0.2% arabinose (lane 3), 0.8 mM IPTG and 0.2% arabinose (lane 4), 0.8 mM IPTG and 0.2% arabinose (addition of arabinose
90 min after induction with IPTG) (lane 5), and 0.2% arabinose and 0.8 mM IPTG (addition of IPTG 90 min after induction with arabinose) (lane 6). Relevant protein species are
indicated. The asterisk marks the M-5/IP complex (branched intermediate). Molecular weights of protein standards are given in kDa.
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(Fig. 2A). The apparent molecular weights of M-5 and 11-T corre-
lated strongly with the predicted sizes of the cleavage products
(42 and 12 kDa, respectively), and the appearance of the cleavage
products was accompanied by a corresponding disappearance of
the precursor protein (Fig. 2A). In Western blot analysis (Fig. 2B),
the M-5 protein reacted speciﬁcally with antibodies against the
maltose binding protein (anti-M), while the 11-T protein reacted
speciﬁcally with antibodies against thioredoxin (anti-T), thus
further conﬁrming the identities of the cleavage products. The IP
protein reacted speciﬁcally with the anti-H antibody due to its
C-terminal hexahistidine tag, as expected.
To estimate the efﬁciency of the above cleavage reaction, we
compared the amount of the cleavage products with the amount
of the remaining precursor protein. From the Coomassie-stained
SDS gel (Fig. 2A), it was estimated that less than 15% of the M-5/
11-T precursor protein remained, suggesting that the cleavage
reaction was rather efﬁcient. This efﬁciency was similar whether
the intein protease IP and the precursor protein were induced
simultaneously or sequentially (Fig. 2A, compare lane 4 to lanes
5 and 6). However, the Western blot using anti-M antibody repro-
ducibly showed an approximate 1:1 ratio of the precursor protein
M-5/11-T to the cleavage product M-5 (Fig. 2B), indicating a 50%
cleavage efﬁciency, which is signiﬁcantly lower than the 85%
cleavage efﬁciency estimated from the Coomassie-stained gel. This
puzzling discrepancy may be explained by a likelihood that thetwo proteins (M-5/11-T and M-5) stained differently with Coomas-
sie Blue, reacted differently with the anti-M antibody, or trans-
ferred differently to the PVDF (polyvinylidene diﬂuoride)
membrane during Western blotting. Because protein bands in the
Western blot were speciﬁc and highly reproducible, we subse-
quently used the anti-M Western blots to assess the efﬁciency of
the cleavage reactions.
To further ascertain that the M-5/11-T precursor protein was
indeed cleaved by the intein protease IP, we ﬁrst induced the
expression of M-5/11-T with arabinose for 1 h, before replacing
the arabinose-containing medium with IPTG-containing medium
to induce expression of IP. Western blot analyses of the time-
course of IPTG induction showed that the M-5/11-T protein was
cleaved only upon accumulation of IP (Fig. 2C), thus conﬁrming
the IP-catalyzed N-cleavage reaction.
We next tested whether a different precursor protein could also
be subjected to IP-induced N-cleavage in vivo. To this end, we re-
placed thioredoxin in M-5/11-T with b-galactosidase (BGAL), with
BGAL being approximately 10-times larger than thioredoxin (120
vs. 12.5 kDa). We also switched the expression vectors, so that the
M-5/11-BGAL protein (160 kDa) was under control of an IPTG-
inducible promoter, and the IP under control of an arabinose-induc-
ible promoter. Analysis of total cell lysates fromco-expression of the
proteins revealed that theprecursorproteinwas fragmented into the
expectedN-cleavage productsM-5 (42 kDa) and 11-BGAL (121 kDa)
(Fig. 2D). In contrast to the results obtained with the plasmid
Fig. 3. Effect of mutation of the +1 residue in the IP protein. Plasmids containing the
indicated +1 residues in IP were co-expressed with the M-(5/11)-T protein as
described. Total cell lysates were analyzed by Western blotting using the indicated
antibodies. Relevant protein species are marked.
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efﬁcient when expression of IP was induced before expression of
the precursor protein (Fig. 2D, compare lanes 4 and 5 to lane 6).
On Western blots using either anti-M or anti-H antibodies, an
unexpected protein species was observed with an apparent molec-
ular weight of 60 kDa (Fig. 2, protein band marked with an aster-
isk). This protein species was hypothesized to be an intermediate
of the N-cleavage reaction, M-5/IP, in which the M-5 protein is
linked to the IP protein through an oxygen ester bond between
the C-terminal carboxyl group of M-5 and the hydroxyl group on
the side chain of the catalytic Ser+1 residue of IP. This hypothesis
was supported by the fact that the M-5/IP protein reacted speciﬁ-
cally with the anti-M antibody (recognizing the M part of M-5) and
the anti-H antibody (recognizing the hexahistidine tag of IP) but
not with the anti-T antibody (recognizing thioredoxin). The
hypothesis was also supported by the fact that the M-5/IP protein
emerged only when the precursor protein M-5/11-T was co-ex-
pressed with the intein protease IP, indicating that the M-5/IP pro-
tein was a product of reaction between the M-5/11-T and IP
proteins.
The M-5/IP protein was assumed to be equivalent to the
branched intermediate generated by the transesteriﬁcation step
of the intein-mediated protein splicing mechanism [11], and could
be resolved by the standard SDS–PAGE conditions due to the stabil-
ity of the oxygen ester. To evaluate this assumption, we mutated
the Ser+1 residue in IP to Ala or Cys, and performed co-expression
of these IP mutants with the M-5/11-T protein. Western blot anal-
ysis revealed that neither the IP(Ser+1Ala) nor the IP(Ser+1Cys)
mutant protein led to accumulation of the M-5/IP protein (Fig. 3),
which was also the case when the M-5/11-BGAL protein was co-
expressed with the IP(Ser+1Ala) mutant (data not shown). These
observations are consistent with the above assumption that M-5/
IP was generated by the transesteriﬁcation step. The IP(Ser+1Ala)
mutant lacks the side chain for the transesteriﬁcation reaction,
hence the observed absence of the M-5/IP protein. The IP-
(Ser+1Cys) mutant is expected to be capable of the transesteriﬁca-
tion reaction, however the resulting thioester bond between M-5
and IP(Ser+1Cys) is thermodynamically less stable than the oxygen
ester bond between M-5 and the wild-type IP (with Ser+1 residue),
and rapid hydrolysis of the thioester bond in the expressing cells or
during sample preparation would have prevented accumulation of
the M-5/IP(Ser+1Cys) protein, as was observed.
3.1. Effect of mutations and deletions in the 5/11 recognition sequence
It is known that the efﬁciency of intein-mediated reactions can
sometimes be affected by amino acid residues immediately next to
the intein, namely the 1 residue immediately before the N-intein
and residues immediately after the C-intein [12]. For this reason,
we investigated the effect of different 1 residues on the N-cleav-
age reaction in the precursor protein. Residues after the C-intein
were not investigated, because we already provided evidence that
the Ser+1 residue immediately after the C-intein can be mutated to
a non-nucleophilic one (Ala) without adversely affecting the efﬁ-
ciency of the N-cleavage reaction (Fig. 3), and also because these
residues are in the IP protein (not the target precursor protein to
be cleaved). We mutated the native 1 residue from Gly to the
other nineteen amino acids in the M-5/11-T protein and compared
the in vivo N-cleavage efﬁciencies after co-expression of the mu-
tant M-5/11-T proteins with the IP(Ser+1Ala) protein (Fig. 4A).
Only minor differences in cleavage efﬁciency were observed
among the different 1 residue mutations and in comparison to
the original M-5/11-T precursor protein having Gly at the 1 posi-
tion (compare Figs. 4A and 2B). Only the Gly-1Asp and Gly-1Gln
mutations resulted in slightly elevated amounts of N-cleavage.
The Gly-1Thr mutation showed an unidentiﬁed protein speciesthat migrated similarly as the branched M-5/IP intermediate de-
scribed before in Fig. 2, however the nature of this protein species
remains unclear, because this experiment used the IP(Ser+1Ala)
mutant that was shown to abolish formation of this intermediate
(see Fig. 3).
We then asked whether the 16-aa recognition sequence (the 5/
11 sequence) could be shortened without negatively affecting the
cleavage efﬁciency. To this end, we successively deleted the ﬁve
N- and C-terminal amino acid residues from either end of the 5/
11 sequence to produce new precursor proteins. In the new precur-
sor proteins M-1/11-T and M-5/7-T, for example, the original 16-aa
5/11 sequence was shortened to the 12-aa 1/11 sequence (G/CIS-
GDSLISLA) and the 12-aa 5/7 sequence (LRESG/CISGDSL), respec-
tively (Fig. 4B). After co-expression of each new precursor
protein with the IP(Ser+1Ala) protein, the N-cleavage activity was
analyzed on Western blots. Deletion of the ﬁve N-extein residues
(LRESG) had no negative effect on the cleavage efﬁciency (Fig. 4B,
constructs 0/11 to 4/11), indicating that these native N-extein
residues of the Ssp DnaB intein are dispensable for N-cleavage
to occur. In the 11-aa N-intein sequence (CISGDSLISLA), the
C-terminal two residues (Leu and Ala) could be deleted without
signiﬁcant effect on the cleavage efﬁciency (Fig. 4B, constructs
5/9 and 5/10). Further deletion into the N-intein sequence resulted
in a substantial decrease (construct 5/8) or a complete loss
(constructs 5/6 and 5/7) of the N-cleavage reaction. These results
are consistent with the adverse effects of N-intein shortening ob-
served in trans-splicing of the Ssp DnaB S1 split-intein in a semi-
synthetic context [13]. Overall, the original 16-aa recognition
sequence could be shortened to an 11-aa sequence (G/CISGDSLISL
in construct 1/10, or /CISGDSLISLA in construct 0/11) without
decreasing the cleavage efﬁciency. A 10-aa sequence (G/CISGDSLIS
in construct 1/9) and a 9-aa sequence (/CISGDSLIS in construct 0/9)
showed diminished but still appreciable amounts of N-cleavage.
3.2. In vivo N-cleavage in yeast cells
Finally, we investigated whether the IP-induced N-cleavage
reaction could occur in a cellular environment that is more com-
plex than that ofE. coli. We chose the yeast S. cerevisiae for this pur-
pose, and co-transformed cells with two plasmids (either high- or
low-copy number) with different auxotrophic markers. One plas-
mid expressed the IP(Ser+1) protein, while another expressed the
precursor protein M-5/11-TF (M-5/11-T plus a C-terminal FLAG
epitope), both from the strong galactose-inducible GAL promoter.
Each protein was successfully produced when yeast cells trans-
formed with the corresponding plasmid were grown in galact-
ose-containing medium (Fig. 5), as expected. When expressed
Fig. 4. Effects of mutations and deletions in the 5/11 sequence on N-cleavage. (A) Western blot analysis of co-expressions of the IP(Ser+1Ala) mutant with M-5/11/T proteins
harbouring the indicated amino acids at position 1 in the 5/11 sequence. (B) Left List of the deletion constructs used. Residues GTLE belong to the end of the M sequence,
whereas residues TGMS represent the beginning of the T sequence. Right Western blot analysis of co-expressions of the IP(Ser+1Ala) mutant with M-5/11/T proteins
containing the indicated deletions in the 5/11 sequence.
Fig. 5. IP-triggered N-cleavage in yeast. The S. cerevisiae strain WJA was transformed with the following plasmids: pESC-TRP and pESC-URA (empty vectors, lanes 1), pESC-
URA/MINT and pESC-TRP (lanes 2), pESC-TRP/ICH and pESC-URA (lanes 3), pESC-URA/MINT and pESC-TRP/ICH (lanes 4), pESC-URA/MINT and pRSFLAG-TRP/ICH (lanes 5). ++
denotes expression of the respective protein from the GAL promoter present on a high-copy number plasmid, whereas + refers to expression from a low-copy number
plasmid. Cells were grown in SC-trp-ura/2%gal medium (synthetic complete medium lacking tryptophan and uracil but supplemented with 2% galactose) for 18 h at 28 C, at
which point they were shifted to 23 C for 24 h. Total cell lysates were analyzed by Western blotting using the indicated antibodies. Relevant protein species are marked, and
molecular weights of protein standards are given in kDa. The signals on anti-H Western blot highlighted with an asterisk (at 70 kDa) represent the cross-reactivity of the
anti-H antibody with an endogenous yeast protein, and thus serve as a loading control.
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length precursor protein. Its apparent size matched the predicted
size (56 kDa), and it was recognized speciﬁcally by the anti-M
and anti-F antibodies, as expected. When the M-5/11-TF protein
was co-expressed with the IP(Ser+1) protein, two additional pro-
teins appeared and corresponded to the N-cleavage products M-5
and 11-TF, respectively (Fig. 5). The cleavage products were identi-
ﬁed by their sizes and reaction with speciﬁc antibodies (anti-M,
anti-F). These results conﬁrmed that the anticipated IP-triggered
protein cleavage reaction was successful in the complex cytoplas-
mic environment of the yeast cell. The N-cleavage was more efﬁ-
cient when the IP(Ser+1) protein was expressed from a high-copy
number plasmid (Fig. 5, compare lanes 4 and 5).
Unlike in E. coli cells, a branched intermediate (M-5/IP) was not
observed in the yeast cell during the N-cleavage. The relativelyslower protein expression and longer incubation time of the yeast
cells might have allowed the ester bond of the branched intermedi-
ate to be fully hydrolyzed, additional to other possible explanations.
Unexpectedly, a protein showing an apparent molecular weight of
30 kDa was also observed on Western blots using either anti-H
or anti-F antibodies. This unexpected protein might represent a
non-covalent association of IP with the 11-TF fragment, because it
could be dissociated by boiling the samples in urea-free sample buf-
fer prior to the SDS–PAGE (data not shown), and because IP plus 11-
TF would produce a predicted molecular weight of 29 kDa.
4. Conclusion
We have demonstrated a proof-of-principle that the C-intein of
the Ssp DnaB S1 split-intein can be used as a site-speciﬁc protease
84 G. Volkmann et al. / FEBS Letters 586 (2012) 79–84in vivo. The recognition sequence (11-aa N-intein) for this intein
protease was derived from the centre of the intein structure, where
it forms an anti-parallel b-sheet [14]. This structural feature, to-
gether with the sequence dependency, ensures a high degree of
substrate speciﬁcity for the intein protease, making it highly unli-
kely for unintended cellular proteins to be cleaved by the intein
protease. Indeed, neither in E. coli nor in yeast cells did we observe
any adverse effects on cell viability, as all cultures expressing the
intein protease grew to saturation. The fact that the cleavage reac-
tion took place in yeast is a promising indication that the intein
protease will also work in higher eukaryotes. The cleavage occurs
efﬁciently with a recognition sequence as short as 10 aa, and the
residue at position1 can be any amino acid. Lastly, the intein pro-
tease cleaves at the N-terminal of its recognition sequence, thus it
can be a useful and unique alternative to the TEV protease for
in vivo protein cleavage, as the TEV protease cleaves at the C-ter-
minal of its recognition sequence (ENLYFQ/G(S)).Acknowledgements
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